Comparisons were made of the aerosol stabilities of eight strains of foot-andmouth disease (FMD) virus suspended in bovine salivary fluid. The strains used were O1 BFS I860, O1 PACHECO, 01 LOMBARDY, 0 2 BRESCIA, A5 EYSTRUP (Ti, JBINGEN), A~2 IRAQ 24/64, C NOVILLE and C LEBANON 3/69. The strains were compared as aerosol clouds I sec. old at different relative humidities and during storage for up to 6omin. at 70 ~ and 55 ~ relative humidity (RH). In aerosol clouds I sec. old all virus strains showed maximum survival of infectivity at 6o ~ RH and above. Below 60 ~ RH, infectivity was reduced and little infectivity was detected below 20 ~ RH. At low RH the aerosol survival of the A strains was about Io-fold higher than that for the O and C strains. The strains differed significantly in stability during storage of aerosols at 70 ~o or 55~ RH. Decay rates ranged from I.~ log./hr (01 PACHECO) to 3"2 log./hr (O1 BFS I860) at 7O ~ RH and from 2.I log./hr (O1 t'ACHECO) to 3'3 log./hr (A22 IRAQ) at 55 ~ RH. At 55 ~ RH the infectivity recoveries of some strains were too low for decay rates to be determined.
INTRODUCTION
It has been reported (Donaldson et al. I97O ) that there are differences in the amounts of airborne virus recovered from domestic animals infected with various strains of FMD virus. It is not known whether these differences were the result of distinct airborne stabilities or different levels of excretion from infected animals. Studies have since been made of the stability of infectivity in aerosols of different strains of FMD virus and the results are presented in this paper.
METHODS
Virus. Eight strains of FMD virus were used: O1 BFS 1860, O 1 PACHECO, O 1 LOMBARDY, 0 2 BRESCIA, C NOVILLE, C LEBANON 3/69, A5 EYSTRUP (T{JBINGEN) and A22 IRAQ 24/64. The viruses were passaged serially in cattle or pigs or once in IB-RS-2 cells (de Castro, I964) .
Preparation. Each virus suspension was produced in two or three Devon steers weighing 350 to 4oo kg. The steers were inoculated intradermolingually at about 2o sites with virus diluted I : IO in o'04 M phosphate buffered saline, pH 7"2 (PBS). At 24 hr after inoculation, when multiple vesicles were present on the tongues, salivary fluid was collected from each animal by inserting a length of polythene tubing (~2 mm. diameter, 6 ram. bore) into the mouth. The tubing was attached to a collecting trap and vacuum pump. In this way approximately Ioo ml. of salivary fluid mixed with mouth debris was collected in io rain. from each animal. About IOg. of tongue epithelium was then collected and ground with sterile sand in the pooled salivary fluid (25o ml. total volume). The homogenized epithelial tissue-salivary fluid mixture was cleared by centrifugation at Io,ooog at 5 ° for 3o rain. The resulting supernatant fluids were pooled, dispensed in 5 ml. vol. and stored at -7 o°. The infectivity, pH, total solid content, chloride and protein concentrations were determined for each of the virus preparations. Chloride content was determined by the Volhard method (King, ~95I) and protein concentration by the Folin-phenol method (Lowry et al. I95~) .
Virus assay. Plaque assays were made in primary bovine thyroid cultures grown as monolayers in Petri dishes. Cell cultures were grown as recommended by Snowdon 0966). Three to six Petri dishes were used per virus dilution. The overlay medium contained I ~o bovine serum, o'9 ~ special agar Noble (Difco Laboratories, Detroit, Michigan, U.S.A.) in equal parts of Earle's yeast lactalbumin, Earle's basal salt solution at double strength, and PBS supplemented with antibiotics (IOO I.U. penicillin, Ioo I.U. polymyxin, 52 1.U. neomycin and 25 I.U. mycostatin per ml.). After incubation for 24 hr at 360 the cultures were stained with I : m,ooo neutral red, incubated for a further 3 hr and the plaques counted.
Physical tracer. The use of physical tracers in experiments on the stability of microbiological organisms in aerosols has been discussed by Harper & Morton (1952) and Anderson & Cox 0967) . In the experiments reported in this paper both Bacillus subtilis vat. niger (BG) spores and [aH]-uridine were tested as tracers. A stock preparation of BG spores was obtained from Mr G. J. Harper, Microbiological Research Establishment, Porton Down, Salisbury, Wiltshire. When used as a tracer a sample of spores was heated to 60 ° for 3o min. to kill any vegetative forms before being diluted 1:2 in distilled water and then I:~o in the virussalivary fluid to be tested. Spore assays were made on 3 ~ blood agar (Oxoid Limited, Southwark Bridge Road, London, S.E. i). Because of the size difference between BG spores and FMD virus, it was expected that physical loss of virus would be less severe than that shown by the BG tracer. Significant but very small loss of BG spores was observed in the drum if aerosol clouds were held for 24 hr. In fact, no significant loss of BG spores occurred in many observations during the 6o min. test periods of virus decay, but the loss of BG spores between the end of the spray tube and the drum was significant during filling and sometimes exceeded that for virus. Experiments made with [aH]-uridine as a tracer showed that physical losses both during drum-filling procedures and within the drum for up to 22 hr were negligible (Barlow, 1972 ) . For these reasons it was considered that physical losses of virus were negligible and a tracer was not used in all experiments.
Aerosol apparatus. A portable Henderson apparatus and a 75 1. rotatable drum were obtained from the Microbiological Research Establishment, Porton Down. Aerosols were generated with a Collison spray with one jet in operation for the spray tube experiments on the stability of the infectivity of virus clouds ~ sec. old at different relative humidities. Three jets were in operation for experiments with the drum for experiments on the stability of virus infectivity in aerosols during storage for up to 6o min. at 70 ~ and 55 ~ RH. The portable Henderson apparatus and Collison spray have been described in detail by Druett (1969) . The use of a rotating drum for holding aerosol clouds has been described by Goldberg et aI. Test procedures. The Henderson apparatus and rotating drum were conditioned at the required RH for I5 to 30 rain. and 6 to to ml. of virus suspension with added tracer were placed in a Collison spray. With the Collison spray in continuous operation, samples of the cloud in the spray tube were taken just prior to opening and then immediately after closing the spray tube-drum connexion. The rotating drum was filled for I min. and the first aerosol sample was collected after 5 or IO min. Samples were collected from the drum for t5 sec. and from the spray tube for 3o sec. A drum speed of about 4 rev./min, was maintained. The air flow through individual impingers was I I + 0. 5 1./min. Tests were made at I8 ° to 23 ° and from three to five tests were made at each condition for each virus strain.
The concentration of virus (p.f.u./1.) in the aerosol clouds was determined from:
p.f.u./ml, of sampling fluid x volume of sampling fluid in ml. Flow rate through sampler in 1./rain. x sampling time in rain.
Viable spray factor (VSF) was then calculated from:
p.f.u./1, of cloud x flow rate through apparatus (1./min.) Flow rate through spray head (1.tmin.) x p.f.u./ml, of spray suspension x io a Virus survival was recorded as percentage viability. The maximum VSF for [SH]-uridine was found to be 6 × ~o -6 (Barlow, I972) and with this taken as ~oo ~ the survival of virus infectivity in the aerosol cloud becomes:
VSF of virus sample Viability ~ = (6 × Io 6) × ioo.
For experiments at 7 ° ~ and 55 ~ RH the decay rates of the various strains of virus were determined by plotting the log. (viability ~) against time. Intercepts and regression lines were then calculated by a least squares method. Decay rates are given by the slopes of the regression lines in log. units/hr with errors as + (z x the standard error).
RESULTS
Details of the infectivity, pH and chemical composition of the strain preparations are shown in Table I . The ranges of pH (8"87 to 9"o6), total solid content (I.2o to I'67 g./ Ioo ml.) and protein U'o9 to ~'58 mg.lml.) were narrow but chloride content (o.6o to 3"30 g./1.) varied widely. During storage for I2 months at -70° no significant loss of infectivity was detected for any of the strains.
The survival in aerosols of the infectivity of the various strains are shown as plots of log. (viability %) against % RH in Fig. [ . The results indicate the survival of virus infectivity following cloud generation and initial equilibration for I sec. at different relative humidities. Maximum recoveries were obtained at 60 % RH and higher, irrespective of the strain tested. At relative humidities below 60 %, increased inactivation of virus occurred and below ao % RH only minimal infectivity was detectable.
The plots of survival of the different strains in aerosols held at 7o ~ or 55 % RH for up to 6o min. are shown in Fig. 2 Table 2 .
lities of samples collected from the spray tube before and after the drum was filled. The inactivation which occurred beween the time of drum filling and the removal of the first sample (5 or IO min.) was considerable for all strains at 55 % and 7o % RH. The loss of virus infectivity during this period of initial rapid decay was from 2.2 to 3.2 log. units at 55 % RH and from 2"7 to 3"5 log. units at 7o % RH. After this early rapid decay the inactivation was exponential in time and distinctions between strains emerged. The inactivation for all strains of virus therefore showed two stages at both RH values. The sequence of the decay rates of the strains in the exponential stage of inactivation was the same at 55 % and 7o % RH, with the exception of the A22 IRAQ strain which was relatively more labile at 55 % RH. The initial and secondary inactivation rates of the strains tested are summarized in Tables 2  and 3 . Table 3 . 
DISCUSSION
It is well established that the composition of the suspending fluid from which virus aerosols are generated can greatly influence the subsequent stability of infectivity (Harper, 196I ; Webb, Bather & Hodges, 1963; Harper, 1963; Dubovi & Akers, I97O; Benbough, 1971) . When strains of viruses must be compared it is therefore necessary to standardize the suspending media. Chemical analyses of the various salivary fluid preparations employed in our tests showed no striking differences. It may be concluded, therefore, that our observation of differences between the stabilities of virus strains reflects their inherent properties. This conclusion was supported by the results of experiments in which aerosols of the most stable strain (O1 PACHECO) were generated after suspension in other salivary fluids (O1 BFS 1860 and O1 LOMBARDY) which had been rendered non-infectious by mild heat treatment.
The decay rate in aerosols of the O1 PACHECO virus remained as low as in aerosols generated from the original O1 VACHECO salivary fluid. Experiments (G. J. Harper, J. N. Wilson & R. F. Sellers, personal communication) have shown that the survival of O1 BFS 186O in aerosols I sec. of age was greatest at high RH, loss of infectivity occurring at RH less than 7o%. These results are similar to what was observed with I sec. old clouds of the strains examined in this study. However, the decay rates in stored aerosols (range 1.06 to 3" I 5 log. unitslhr at 70 % RH) are considerably higher than those previously observed for strains O1 BFS I860 and O1 VACHBCO sprayed from suspensions at neutral pH (A. I. Donaldson & D. F. Barlow, unpublished; Barlow, I972) or from milk or faecal slurry (A. I. Donaldson, unpublished) . The alkalinity of bovine salivary fluid may be a factor in the present higher decay rates.
The pattern of survival of the strains plotted as a function of RH is similar to that previously reported for other picornaviruses: Columbia SK group viruses (Akers, Bond & Goldberg, I966) , poliovirus (Harper, I963; de Jong & Winkler, I968; Benbough, I97I ) and mengovirus (Akers & Hatch, I968 ) .
It is not clear whether loss of infectivity ofpicornavirus in aerosols results from irreversible changes in the protein capsid or the virus DNA. De Jong & Winkler (I968) concluded that the decay of poliovirus results from denaturation of the RNA. However, Dubovi & Akers (I97o) found for mengovirus that the primary event is on the protein capsid and that inactivation of RNA is secondary, if it occurs. The distinct stabilities reported here for different strains of FMD virus presumably result from physico-chemical differences between the strains. Recent studies on protein capsids have shown that different types of FMD virus differ in their protein composition (F. Brown, personal communication). Strains of FMD virus can also be distinguished by their rates of thermal and pH inactivation (J. N. Wilson, personal communication).
The observation that the inactivation of virus infectivity occurs in two stages during spraying and holding at 55 ~ or 70 ~ RH is not inconsistent with the hypothesis that the inactivation effects are on the protein capsid, since Neurath et al. (I944) found that the 3-2 kinetics of thermodynamic inactivation of purified proteins may follow first, second or partial order kinetics, some stages being reversible.
It is of interest that the strains obtained from regions of dry climate (O1 VACHECO, Argentina; A22, Iraq; C, Lebanon) are relatively more stable during storage at 7o O//o and 55 ~ RH than those from more temperate regions (O1 LOMBARDY and O2 BRESCIA, Northern Italy; O1 BES I860, England). Of strains which have been tested, it is evident that the less stable (O1 BES i86o, O2 BRESCIA and C. NOWLLE) are those excreted in greatest quantity by infected animals and, conversely, the more stable (As EYSTRUP, A22 mAQ and C LEBANON) are excreted in lowest amounts (Donaldson et al. 197o) . Both the stability in aerosols and the level of excretion of a particular strain of virus must therefore be considered during epizootiological studies of airborne transmission.
The stabilities reported in this paper relate to tests on virus aerosols within a laboratory apparatus and are likely to be higher than in field situations in which open air factors other than RH may determine the survival of virus infectivity (May, Druett & Packman, I969).
